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Abstract 
The surface morphology of silicon substrates and their optical properties have been investigated after ion 
implantation by three Mg+ fluencies () = 6×1015 cm-2, 1×1016 cm-2  and 6×1016 cm-2) and pulsed ion-beam treatment 
(PIBT) with three energy densities (W  = 0.5, 1.0 and 1.5 J/cm2). Magnesium ion implantation into Si(111) substrates 
at room temperature results in the formation of smooth amorphous silicon layer with thickness of about 0.15 Pm
containing amorphous non-stoichiometric magnesium silicide. Subsequent nanosecond PIBT leads to crystallization 
silicon and synthesis Mg2Si precipitates. The optimum conditions of ion implantation and PIBT leading to silicon 
crystallization and Mg2Si conservation within the implanted layer are determined  
() = 6u1016 cm-2 and W = 0.5-1.0 J/cm2). 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of Guest Editors of 
Physics Procedia, Publication Committee of ASCO-NANOMAT 2011 
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1. Introduction 
Nowadays many scientists pay significant attention to the formation of buried semiconducting silicide 
nanocrystals in silicon [1], since such materials are perspective for the creation of new opto- and 
thermoelectical devices on silicon substrates. Magnesium silicide (Mg2Si) is the interesting material for 
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planar silicon technology due to its narrow band gap (Eg = 0.37—0.70 eV) [2]. The formation of epitaxial 
Mg2Si films on Si is complicated by low distribution coefficient of Mg in Si [3], Mg desorption at T > 
400°ɋ and lattice mismatch between Si and Mg2Si [2]. Nevertheless, an ion implantation of Mg
+ ions into 
Si followed by short-term annealing [4] and solid phase epitaxy of magnesium silicide islands with 
following silicon epitaxy [5] can be effective methods for the creation of buried Mg2Si precipitates in Si.  
In present work the formation of Mg2Si precipitates by means of ion-beam techniques (continuous ion 
implantation and pulsed ion-beam treatment) and also their morphology and optical properties are 
studied.
2. Experiment 
The implantation of Mg+ ions into monocrystalline Si(111) wafers (1 :×cm) was carried out at room 
temperature with ion energy E = 40 keV (Rp = 75 nm, 'Rp = 34 nm) and fluencies ) = 6×1015, 1×1016 ,
6×1016 cm-2. Pulsed ion-beam treatment (PIBT) of the implanted Si layers was carried out with high-
energy nanosecond ion beams (ɋ+ -  80%,  ɇ+ - 20%, E = 300 keV, Ĳ = 50 nc) by three energy densities 
W = 0.5, 1.0 and 1.5 J/cm2 . The fluence of C+, H+ ions implanted into Si during PIBT does not exceed ~ 
1014 cm-2. The characteristic features of PIBT are heating, melting and crystallization of Si layers with 
thickness up to 1 ȝm within time interval of 1 Ps. Twelve samples have been prepared. 
Atomic force microscopy (AFM) investigations of samples surface morphology were performed using 
multimode scanning probe microscope Solver P47. Optical spectra (T, R) of the samples before and after 
PIBT were measured using automatic spectrophotometer Hitachi U-3010 and monochromator MSDD-
1000. Raman spectra were measured with SPM NTEGRA SPECTRA setup (NT MDT, Russia) at room 
temperature using low-power (3-5 mW) laser beam (O = 488 nm). Optical functions of implanted samples 
were calculated using Kramers-Kronig integral relations and reflectance – transmittance calculation 
procedure. 
3. Results and discussions 
The surface morphology of as-implanted Si samples was firstly studied. It was established that 
depends on Mg+ fluence the surface of all samples was sufficiently smooth with root-mean square 
roughness of about 0.6 nm, except of high-fluence sample (up to 3 nm).  
Raman spectra (Fig. 1) of Si samples after Mg+ implantation with different fluencies show a broad 
peak at ~ 490 cm-1 shifted by 30 cm-1 from the peak position for Si monocrystal (~ 520 cm-1). This broad 
peak whose intensity drops with fluence increase corresponds to the formation of amorphous silicon 
layer. The weak and broad peaks at ~ 260 cm-1 and ~ 340 cm-1, corresponding to the contribution of 
Mg2Si phase [6], were observed only for high-fluence sample that indicates the formation of amorphous 
magnesium silicide in subsurface layer of the substrate. The absence of such peaks at lower Mg+ fluencies 
is due to low Mg concentration and low sensitivity of Raman technique.  
Reflectance spectra of all implanted Si samples showed weak peaks characteristic for crystalline 
silicon. The decrease of reflectance and transmittance at all energies in the range of 0.5-6 eV and energy 
shifts of silicon peaks compared to ones for monocrystalline silicon indicates the amorphization of silicon 
surface during ion implantation and correlates with Raman data (Fig. 1). Weak peaks at energies of 1.7 
eV and 2.5 eV were observed additionally in the reflectance spectra for the samples with minimum and 
middle Mg fluencies. For high-fluence sample these peaks are shifted in the region of lower energies (1.3 
eV and 2.1 eV). The calculations of the optical functions showed that obtained data are differed from 
theoretical ones for stoichiometric magnesium silicide.  
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Fig. 1. Raman spectra for Si samples after Mg+ implantation with different fluencies: (ʋ 1) - 6u1015 cm-2, (ʋ 5) - 1u1016 cm-2 and 
ʋ 9) - 6u1016 cm-2.
So, the ion implantation by different Mg fluencies in silicon at room temperatures results in the 
formation of non-stoichiometric magnesium silicide in subsurface amorphous region of substrate.  
The investigations of surface morphology by AFM of Si samples implanted by minimum and middle 
fluencies and subjected to PIBT (W = 0.5-1.5 J/cm2) showed the formation of high density ball-shaped 
islands. It was established that the island density is decreased with increase of PIBT energy density. 
Fig. 2. Raman spectra for Si samples after Mg+ implantation with different fluencies and after PIBT: (ʋ 2) – F=6u1015 cm-2,
W=0.5 J/cm2; (ʋ 6) - 1u1016 cm-2, 0.5 J/cm2; (ʋ 10) - 6u1016 cm-2, 0.5 J/cm2; (ʋ 11)- 6u1016 cm-2, 1.0 J/cm2.
The significant increase of the roughness is observed after PIBT (W = 0.5-1.5 J/cm2) of high-fluence 
implanted samples. The measurement of reflectance and transmittance spectra and calculations of optical 
functions confirmed the silicon crystallization. The dependence of extinction coefficient for samples with 
minimum and middle implantation fluencies showed the regions of additional absorption (1-3 eV) 
associated with formation of Mg2Si precipitates under the silicon surface. The presence of Mg2Si was also 
confirmed by formation of the direct interband transition, which energy is decreased with increase of the 
100
300
500
700
900
1100
1300
1500
200 300 400 500 600 700
Raman shift, cm
-1
R
am
an
 i
nt
en
si
ty
, a
rb
.u
ni
ts
ʋ 1
ʋ 5
ʋ 9
100
600
1100
1600
2100
2600
200 300 400 500 600 700
Raman shift, cm
-1
R
am
an
 in
te
ns
it
y,
 a
rb
.u
ni
ts
ʋ 2
ʋ 6
ʋ 10
ʋ 11
48  S.V. Vavanova et al. / Physics Procedia 23 (2012) 45 – 484 S.V. Vavanova et al./ Physics Procedia 00 (2011) 000–000 
PIBT from 2.7 eV to 1.6 eV. The last corresponds to decrease of silicon quantity in precipitates and 
approximation to stoichiometric composition of magnesium silicide. 
Optical spectroscopy data for high-fluence sample indicated the formation of polycrystalline Si layer 
with defect structure and pushing of magnesium silicide precipitates with composition closed to 
stoichiometric to the surface. The crystallization of Si as a result of PIBT is clearly seen in Raman spectra 
(Fig. 2) by intense peaks at ~ 520 and ~ 310 cm-1 due to first and second order scattering TA phonons. 
The formation of Mg2Si is also confirmed by Raman spectra by peaks at 266 cm
-1 and 357 cm-1, which 
are characteristic for Mg2Si. These peaks are mostly intensive in high-fluence sample with minimum 
PIBT energy, where Mg concentration is largest. With increase of PIBT energy these peaks are 
appreciably decreased that related with decomposition of magnesium silicide and Mg desorption from Si 
surface. The absence of Mg2Si peaks in low-fluence samples is due to low initial Mg concentration but 
not to Mg desorption.  
So, the optimal condition for Si crystallization, synthesis of Mg2Si phase and minimization of Mg 
desorption from Si surface are increased ion fluence () = 6×1016 cm-2) and moderate energy density of 
PIBT (W  1 J/cm2).
4. Conclusions 
Ion implantation of Mg in silicon at room temperature results in Mg2Si formation in the layer of about 
100-nm thick. The silicon surface during implantation becomes an amorphous, homogeneous and remains 
smooth (0.5–0.6 nm). The pulsed ion-beam treatment results in significant increase of surface roughness 
and efficient crystallization of the implanted layers. The maximum quantity of magnesium silicide is 
observed in sample with maximum implantation fluence. However, the increase of energy density of 
PIBT results in decomposition of magnesium silicide in the subsurface region and it’s desorption from the 
surface. The optimum experimental conditions for Si crystallization and Mg2Si synthesis are determined 
() = 6u1016 cm-2 and W  1.0 J/cm2).
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